Photonic crystal-based biosensors hold great promise as valid and low-cost devices for real-time monitoring of a variety of biotargets. Given the high processability and easiness of read-out even for unskilled operators, these systems can be highly appealing for the detection of bacterial contaminants in food and water. Here, we propose a novel hybrid plasmonic/photonic device that is responsive to Escherichia coli, which is one of the most hazardous pathogenic bacterium. Our system consists of a thin layer of silver, a metal that exhibits both a plasmonic behavior and a wellknown biocidal activity, on top of a solution processed 1D photonic crystal. We attribute the bioresponsivity to the modification of the dielectric properties of the silver film upon bacterial contamination, an effect that likely stems from the formation of polarization charges at the Ag/bacterium interface within a sort of "bio-doping" mechanism. Interestingly, this triggers a blueshift in the photonic response. This work demonstrates that our hybrid plasmonic/photonic device can be a low-cost and portable platform for the detection of common contaminants in food and water.
Introduction
The integration of sensing elements with photonic crystals (PhCs) allows a simple readout of the detection event, often based on color changing, fostering applications in portable, and cheap technologies (1) (2) (3) (4) (5) . For instance, photonic sensing might be of particular interest for the detection of contaminants or pathogenic bacteria in food and water, as in this case the vast majority of the existing detection systems are relatively time-and money-consuming mostly due to complexity of the read-out (6, 7) .
Briefly, the periodicity in the dielectric constant along 1, 2 or 3 spatial dimensions gives rise to a forbidden gap for photons (stop-band) of specific wavelengths that, in turns, confers structural reflection colors to the material (8) . Focusing on the simplest case of one-dimensional photonic crystals (also known as Bragg stacks, BSs) in which the stop-band arises from the alternation of layers with high/low refractive index, the structural color can be easily tuned by varying either the dielectric contrast or the periodicity of the alternated layers (or both). This can be achieved by the introduction of a medium within the 1D structure, as enabled by porosity at the meso/nanoscale in the BSs (9) (10) (11) (12) (13) (14) (15) (16) . To further enhance selectivity and to detect large or complex analytes (i.e. bacteria and biomolecules) it is also possible to chemically functionalize the surface of porous BS (17) (18) (19) , although such a step would hamper easy scalability of the process. To this end, the fabrication of photonic sensors from scalable and low-cost procedures allowing fast and reliable detection of contaminants (i.e. in food and water) is highly desirable (20) .
In this context, our recent work has been focused on the development of responsive BSs made of alternating layer of dielectric materials and electro-optical responsive plasmonic materials, which are fabricated from easy and low-cost solution-based processes. In particular, the integration of metal plasmonic systems in PhCs provides both high sensitivity to environmental changes as well peculiar sensing capabilities (21, 22) due to the specific metal interactions (23) (24) (25) . Carrier density modulation results in the change of the refractive index that ultimately determines the photonic stop-band, thus offering a handle for easy optical detection. We have shown that such peculiar feature of plasmonic materials can be exploited to build-up electro-optical switches based on the photonic reflection shift upon photo-electro doping of indium tin oxide (ITO) nanoparticles (NPs) in SiO2/ITO and TiO2/ITO photonic crystals (26, 27) , and electro doping of silver NPs in TiO2/Ag crystals (28) . Furthermore, the specific interactions occurring at the metal surface in contact with the analytes can be exploited for label-free and low-cost (bio)sensing purposes (29, 30) . It is well-known that silver films and NPs exhibit antibacterial properties (31) (32) (33) (34) (35) . Although the exact antibacterial mechanism is still under debate (36) (see supplementary information section for a brief discussion on Ag bactericidal mechanism), many reports agree that electrostatic attraction is crucial for the Ag adhesion to the bacterial membrane and to the consequent bactericidal activity possibly mediated by transmembrane ion penetration (35, (37) (38) (39) . Interestingly, this might lead to a modification of Ag charge carriers density and plasmon resonance upon bacteria/Ag interaction, for example as a result of polarization (40) charges accumulating at the bacteria/Ag interface.
Here, we show that a novel hybrid plasmonic/photonic device consisting of a thin layer of silver deposited on top of a solution processed BS is responsive to one of the most common bacterial contaminant, namely Escherichia coli. Our data suggest that the increase in the plasmon charge density likely originates from the formation of polarization charges at the bacterium/Ag interface, resulting in a blue-shift of the plasmon resonance. This eventually determines a change in the photonic read-out (blue-shift) that translates the plasmonic effect occurring in the UV/blue (330 -440 nm) to the more convenient spectral region (600-530 nm). These promising results indicate that hybrid plasmonic/photonic PhCs can represent a novel class of low-cost devices responsive to common contaminants in food and water.
Results and discussion

Hybrid plasmonic/photonic devices
The multilayered 1D photonic structures show the expected structural color in reflection (5 × SiO2/TiO2 bilayers) as shown in figure 1a-b, while electron microscopy images are reported in figure S1a. The BSs were fabricated via simple spin-coating deposition of the respective aqueous colloidal dispersions. This is a key point in the view to scale the process by means of large-area and low-cost deposition techniques, such as ink-jet printing and roll-to-roll. On top of the dielectric BS we deposited a thin layer of silver (8 nm, Fig. S1b for the electron microscopy image), to exploit both the plasmonic behaviour and the marked and well-documented bioactivity. The thin silver layer is in-fact a defective cap layer of the photonic crystal that affects the optical response of the BS through the silver free carrier density (Drude model) (41) . Therefore, the main idea here is to exploit the possible change in the silver complex dielectric function driven by Ag/bacteria interaction to modify the dielectric properties at the BS/metal interface and, thus, the BS optical read-out. To this end, we firstly selected the minimum Ag thickness achievable with our deposition apparatus to localize strongly the plasmonic response in close proximity to the BS interface. To observe both the plasmonic and the photonic contributions to the overall sample transmission and disentangle them, we carried out measurements as a function of incidence angle (Fig. 1c) . These data show a blue-shift of the photonic band-gap (PBG, 586 nm at 0°) by increasing the angle in agreement with the Bragg-Snell law (inset Fig. 1c ) (21) , while the plasmonic peak at 500 nm does not display any angular dependence. 
Plasmonic response upon E. coli contamination
To evaluate the effect of bacteria on the optical properties of silver, we first exposed Ag films to LB only (control experiment) and then to E. coli ( Fig. 2a ) in agar plate, as described in the experimental section. We observe that the sample exposed to LB undergoes a substantial red-shift (+ 60 nm) that is likely due to the infiltration of the aqueous culture medium across the silver grains, leading to an increase in the effective refractive index (42) . On the other hand, when the Ag layer is contaminated with E. coli in LB medium we note the concomitant increase (+25%) of the plasmonic absorption at the high energy side (330 -440 nm) and an attenuated red-shift (+ 35 nm) with respect to LB only exposure. Taken together, these data indicate an overall blue-shift (-25 nm) in the Ag plasmonic response upon contamination with E. coli. Furthermore, to mimic exposure to contaminated liquid samples, we dipped them either in LB medium (control) or in an LB/E. coli mixture with increasing bacterial loading (0.1, 0.5 and 1.2 OD600nm) and measured their plasmonic response (Fig. S2) . Here, we essentially observed an analogous effect, with an increased plasmonic blue-shift upon exposure to bacteria that, interestingly, can be already noticed at the lowest loading (-15 nm at 0.1 OD600nm). In this scenario, we hypothesize that the bacteria-induced blue-shift in the plasmon resonance could stem from the formation of polarization charges at the silver-bacterium interface, i.e. negative on bacterial membrane (38) and positive charges on Ag surface respectively (see Fig. 2c ), finally leading to an overall increase of the charge carrier density (26, 28) . By employing the Lorentz-Drude model (Fig. 2d) , we estimated that the 25 nm blue-shift observed experimentally corresponds to a 15% increase in the charge carried density of Ag in LB medium. 
Photonic response upon E. coli contamination
After having investigated the Ag plasmonic response of metallic film alone upon contamination with E. coli, we proceeded to study how this is affecting the all optical read-out in presence of the photonic crystal (Fig. 3) . Qualitatively, both exposure to LB or E. coli + LB leads to the same behavior, namely decreased transmittance, resonance broadening (20 nm) and redshift of the stop-band. Again we have two physical phenomena concurring to these changes: i) infiltration of LB inside the porous BS architecture, leading to an enhanced effective refractive index and ii) the modulation of the plasmon resonance in the top metal layer. The magnitude of the PBG red-shift, however, results decreased in presence of E. coli in LB, featuring an average shift of 5 nm compared to LB alone with + 15 nm. Interestingly, this yields an overall PBG blueshift of -10 nm upon contamination, which essentially translates the plasmonic effect observed in the UV/blue region into the green/red part of the spectrum. The presence of a well-defined zone of inhibition matching the shape of our samples in conformal contact with the agar medium inoculated with E. coli confirms the anti-bacterial activity of our Ag layer (Fig. S3) . Furthermore, this effect seems to be confined within the sample area, suggesting that silver does not appreciably detach from the surface and diffuse in all the agar plate as it occurs with silver NPs (43), which may be of importance when considering possible applications of these devices in food packaging (44) . To study the optical response of Ag/PhCs in contact with contaminated liquid specimens, we also immersed our samples in LB medium or E. coli/LB (10 minutes) and measured their optical transmission (Fig. S4) . Although in this case the effect might appear less evident due the massive and unavoidable LB infiltration throughout the porous structure, we can still observe a decreased red-shift for the contaminated samples when compared to the LB case, an effect that can be already noted at the lowest bacterial loading (-10 nm for 0.1 OD600nm) in analogy with the plasmonic response. Finally, as a control experiment, we repeated the same procedure in contaminated agar plate on identical 1D photonic crystals but without the top Ag layer, in order to further prove the role of the plasmonic material in the bio-responsivity of our device (Fig. 3c) . Here, we could not discriminate any difference between the samples exposed to LB or to LB/E. coli, with the exception of the usual read-shift and broadening of the stop-band that are connected to liquid condensation and infiltration throughout the porous structure. This confirms that the upper plasmonic layer represents the responsivity element of our hybrid plasmonic/photonic device, as the modification of the dielectric properties at the Ag/BS interface, which in turns is brought about by Ag/bacteria interaction, and governs the total optical read-out. To obtain insights into the mechanism underpinning the photonic shift, we calculated the transmission spectra as a function of the silver carrier density (Fig. 3d ). For this, we combined the transfer matrix method to model the alternating refractive index of the periodic structure, with the Maxwell-Garnett effective medium approximation for the description of the effective refractive indexes of the SiO2/TiO2 layers soaked with LB (see experimental section), In addition, we made use of the Lorentz-Drude model to account for the plasmonic contribution to the overall dielectric response of the device. We then proceeded to the simulation of the transmission spectra for = 5.76 × 10 28 3 and 6.76 × 10 28 3 , with the former charge carrier density accounting for pristine Ag and the latter for the "bio-doped" film in the LB infiltrated photonic structure. Indeed, while an increased carrier density induces a large blue-shift of the plasmon resonance (25 nm) as it has been shown in the previous section, the PBG exhibits a less obvious 5 nm blue-shift. Notably, such a behavior corroborates our experimental data, at least from the qualitative point of view.
Such discrepancy can be probably attributed to the contribution of a different effect that intensifies the dielectric mechanism, for instance a strong field enhancement and confinement at the metal/PhC interface (i.e. Tamm optical modes) (45, 46) that cannot be taken into account by our model. To preliminary assess this possible scenario, we also studied the photonic response of our hybrid PhCs with a top Ag layer of 16 nm (Fig. 4) . In this case, we observe a more pronounced contribution of the Ag plasmon to the overall transmission of the hybrid structure due to its higher optical density than in the previous samples (Fig. 4a) . Remarkably, despite the plasmon resonance still shows a total 10 nm blue-shift after contamination when compared with the LB-exposed samples, the PBG shift is limited to -5 nm. This might imply the involvement of an enhancement mechanism when Ag thickness is kept at relatively low value, likely due to the strong confinement of the plasmon at the dielectric interface (45) (46) (47) . Further experiments are needed to elucidate such a mechanism. 
Conclusions
To summarize, we have shown that a novel hybrid plasmonic/photonic device consisting of a thin layer of the plasmonic and biocidal silver on top of a 1D photonic crystal can be responsive against one of the most hazardous bacterial contaminant in food and water, Escherichia coli. Our data points towards a scenario in which the polarization charge at the Ag/bacterium interface causes an increase of the metal charge carrier density that leads to a plasmon blue-shift, within a sort of "bio-doping" mechanism. This, in turns, leads a photonic blue-shift in the visible spectral range. It is worth adding that the photonic band-gap can be placed in any spectral region by a judicious choice of the layer thicknesses, allowing one to translate the photonic read-out in the most convenient part of the spectrum. This, taken together with the quick processability from solution and easiness of the read-out, makes these devices promising for low-cost and real-time monitoring of contaminants in food and water. 
where is the wavelength [in micrometers, and Taking into account the infiltration of LB in the silver layer and in the silica and titania layers of the photonic crystal, we determine the effective dielectric function of the SiO2:air layer (we call it 2, ) by using the Maxwell Garnett effective medium approximation (54, 55) :
where is the filling factor of the silver, SiO2, or TiO2 layers and is the dielectric function of the silver, SiO2, or TiO2 layers. In this study we choose = 0.5 ; 
with nk the refractive index and dk the thickness of the layer. In this study the thickness of the Ag:LB layers is 8 nm, while the thickness of the SiO2:LB layers and TiO2:LB layers is 100 nm.
The product = 1 ⋅ 2 ⋅ … ⋅ ⋅ … ⋅ = [ 11 12 21 22 ] gives the matrix of the multilayer (of s layers). The transmission coefficient is 
with ns the refractive index of the substrate (in this study = 1.46) and n0 the refractive index of air. Thus, the light transmission of the multilayer photonic crystal is
